The yeast Saccharomyces cerevisiae is invaluable for understanding fundamental cellular processes and disease states of relevance to higher eukaryotes. Plant viruses are intracellular parasites that take advantage of resources of the host cell, and a simple eukaryotic cell, such as yeast, can provide all or most of the functions for successful plant virus replication. Thus, yeast has been used as a model to unravel the interactions of plant viruses with their hosts. Indeed, genome-wide and proteomics studies using yeast as a model host with bromoviruses and tombusviruses have facilitated the identification of replication-associated factors that affect host-virus interactions, virus pathology, virus evolution, and host range. Many of the host genes that affect the replication of the two viruses, which belong to two dissimilar virus families, are distinct, suggesting that plant viruses have developed different ways to utilize the resources of host cells. In addition, a surprisingly large number of yeast genes have been shown to affect RNA-RNA recombination in tombusviruses; this opens an opportunity to study the role of the host in virus evolution. The knowledge gained about host-virus interactions likely will lead to the development of new antiviral methods and applications in biotechnology and nanotechnology, as well as new insights into cellular functions of individual genes and the basic biology of the host cell.
INTRODUCTION
Plant viruses are intracellular pathogens that perform genome replication and encapsidation within the infected cells. Unraveling the interactions of viruses with their hosts is at the frontier of current plant virus research. In order to use the resources of the host cells efficiently for their genome replication, plant viruses have to interact with the host cells, manipulate host cell pathways, and, ultimately, transform the host cells into "viral factories." The virus-host interaction could also trigger antiviral responses from the host. The idea now emerging is that, notwithstanding the simple genome organization of most plant viruses, the interaction of viruses with their hosts is a rather complex and dynamic process, involving numerous interactions among viral-coded and host-coded proteins, proteins and viral nucleic acids, and proteins and host membranes (lipids). Unraveling the interactions between viruses and the host cells as a function of time should contribute significantly to our understanding of plant virus infections.
The majority of plant viruses have a plusstranded (+)RNA genome compatible with the protein translation apparatus of the host. The infection cycle of these viruses includes entry to the cell, disassembly of the virus capsids, translation of the viral RNA, genome replication and transcription, encapsidation, and cell-tocell movement. The central event is the genome replication of (+)RNA viruses, which consists of a two-step process: First, the minusstrand replication intermediates are produced, which are then used to direct synthesis of excess amounts of (+)RNA progeny by the unique viral replicases, the key enzymes in viral replication. Replication is an asymmetric process leading to a 20-to 100-fold excess of the new (+)RNA progeny over minus-strand RNA. All known plant (+)RNA viruses assemble their own replicase complexes (RC), likely containing both viral-and host-coded proteins (1, 3, 12, 70, 76) . The assembled viral RCs are associated with cellular membranes, such as the endoplasmatic reticulum, mitochondrium, vacuole, Golgi, chloroplast, and peroxisome, which serve as sites of viral replication (101) .
One intriguing aspect of (+)RNA viruses is that their RNAs must participate in several competing processes, all of which are required for successful viral infections. These highly regulated, coordinated, and compartmentalized processes include translation of viral RNA, replication, transcription to produce subgenomic RNA for some viruses, encapsidation, and cell-to-cell movement. Each process can be further divided into distinct steps based on recent detailed analyses of a single replication cycle of (+)RNA viruses. During genome replication, the steps include the following: (i) the recruitment/selection of the viral (+)RNA template for replication, including a requirement for switching of the genomic RNA from translation to replication; (ii) targeting of viral replication proteins to the site of replication; (iii) preassembly of the viral replicase components; (iv) activation/final assembly of the viral RC containing the (+)RNA template on intracellular membranous surfaces; (v) synthesis of the viral RNA progeny by the RC, including minus-and plus-strand synthesis; (vi) release of the viral (+)RNA progeny from the RC to the cytosole; and (vii) disassembly of the viral RC (2, 4, 70) .
The genomes of plant (+)RNA viruses code for 4-10 proteins, including 1-4 involved in viral RNA replication. The replication proteins include one RNA-dependent RNA polymerase (RdRp) protein and auxiliary proteins with helicase, RNA capping or other functions. Host factors contribute to these functions, provide additional functions, and likely participate in each step of the (+)RNA virus replication. Based on recent genome-wide studies (51, 58, 85) , the emerging picture is that the identified host factors are mostly highly conserved genes, suggesting that (+)RNA viruses might selectively target conserved host functions as opposed to species-specific factors. This strategy can help viruses to have a broader host range and to expand infections to new host species.
Host factors play crucial roles in plant (+)RNA virus replication and infection. Host factors affect host-virus interactions, virus pathology, virus evolution, and they are also key determinants of host range of a given virus. Studies aimed at identifying and dissecting all the replication-associated factors are expected to increase the number and efficiency of methods to interfere with successful viral replication/infection. Moreover, studies on host factors also contribute insights into their cellular functions, thereby advancing our understanding of the basic biology of the plant cell. This review provides an overview of how yeast can be utilized as a model host to elucidate the role of host factors facilitating (+)RNA virus replication and infection.
ADVANTAGES OF USING YEAST AS A MODEL HOST
Plants have large genomes among eukaryotes, which makes sequencing of their genomes expensive and slows genome-wide analyses on the roles of host factors in plant virus infections. Extensive redundancy (functional duplications) in various functions is another drawback when using plant hosts. On the other hand, yeast (Saccharomyces cerevisiae) has a small eukaryotic genome, coding only for ∼6000 genes, of which over 60% have been characterized. A further advantage is the compact genome of yeast: Less than 7% of the genes carry introns, which greatly simplifies the prediction of the expressed proteins. Toolboxes are available for the controlled expression of selected genes (50) . In addition, the availability of deletion libraries (YKO) covering most nonessential genes greatly facilitates genomewide studies of gene functions (118) . The downregulatable essential-gene library (yTHC) covering ∼15% of yeast genes has also been created (66) . Gene libraries with fluorescent tags or affinity tags to aid subcellular localization and protein purification, respectively, are also available (32, 33, 42 (132) . In addition to these technical resources, the databanks for yeast genes are also the most complete among eukaryotes. For example, detailed protein-protein interactomes (networks), global analysis of protein localization, and genetic interaction maps based on global synthetic lethality phenotypes (the combination of two separately nonlethal deletions leading to lethality, thus revealing parallel pathways and gene redundancy) have been constructed (11, 82, 119) . Recent datasets indicate that a particular yeast protein interacts physically with ∼8 additional yeast proteins (average per protein) and genetically with ∼34 yeast proteins (82) . This complexity of protein networks indicates that viruses are able to co-opt a large number of host protein complexes for their replication.
Because a simple eukaryotic cell, such as yeast, can be expected to have extensive functional similarities with various plant cells, it was conceivable that a plant virus could replicate in a yeast cell. Indeed, studies with plant viruses, such as Brome mosaic virus (BMV), tombusviruses, and geminiviruses, as well as with animal viruses [Flock house virus (FHV) and influenza virus] have shown that certain viruses can complete most of the steps required for intracellular replication in yeast cells (48, 72, 83, 84, 89, 95) . Yeast is the model eukaryotic cell with the highest percentage of characterized genes, which facilitates discovering and dissecting the functions of the host factors during virus-cell interaction. As described in more detail below, identified host factors play diverse roles during viral (+)RNA replication, including synthesis, metabolism/degradation, molecular folding, and intracellular transport of viral proteins and viral RNA. Additionally, genes of lipid metabolism have been demonstrated to be involved in membrane proliferation needed for the assembly of numerous viral RCs in infected cells. The yeast model host has turned into a powerful system that has greatly accelerated research in genome-wide identification of the host factors involved in plant virus replication (51, 58, 85) . Yeast likely will serve further in elucidating virus-host interactions and the
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involvement of protein networks and various cellular machinery in plant RNA virus replication and evolution.
APPROACHES BASED ON YEAST AS A MODEL HOST Yeast Genome-wide Analysis
Systematic genome-wide strategies based on single-gene deletion (YKO) and essential-gene (yTHC) libraries are among the most powerful approaches to identify host factors involved in plant virus replication. The high-throughput screens include systematic analysis of the effect of each gene on plant virus replication. (+)RNA virus replication must be launched in each of the ∼5900 yeast strains present in the YKO and yTHC libraries, usually based on plasmiddriven expression of viral RNA/proteins (Figure 1) . The Ahlquist laboratory pioneered the use of yeast as a host for BMV. Subsequently the system adapted for studying the replication of plant tombusviruses, such as Tomato bushy stunt virus (TBSV) and Carnation Italian ringspot virus (CIRV) (46, 48, 84, 88, 89) . Systematic genome-wide screens of 80% of yeast genes with BMV and 95% of yeast genes with TBSV identified over 100 yeast genes affecting replication of each virus (Figure 2) 
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Figure 2
The number of identified host genes affecting BMV or TBSV replication/recombination in yeast based on genome-wide screens with the YKO and yTHC libraries.
genes (51, 85) . However, the functions provided by the different host factors for the replication of BMV and TBSV could be similar in a mechanistic sense. Accordingly, a large portion of the host factors identified in the screens for both viruses included proteins involved in translation, protein transport, RNA metabolism, protein metabolism/modification, and lipid synthesis. In the case of TBSV, systematic genome-wide screens with the yeast YKO and yTHC libraries have also been performed to identify host factors affecting viral RNA recombination (22, 109, 110) . This strategy led to the first identification of the host factors involved in viral RNA recombination, further illustrating the usefulness of this approach.
Another approach for systematic genomewide screening is to use the yeast overexpression library containing ∼5500 yeast genes (90, 91, 115 
Genomic Random Mutagenesis
Extensive mutagenesis of the yeast genome via UV-treatment has also been used to obtain libraries of mutated yeast. Testing for BMV replication followed by genetic complementation identified yeast genes, such as LSM1, OLE1, and DED1, affecting BMV replication (5, 24, 45, 61) .
Yeast Two-Hybrid Screens
Interaction between the viral proteins and selected plant proteins is critical for most processes during viral infections. Therefore, demonstrating direct interaction between viral and host proteins has been a major goal in plant virology. A rapid and economical approach for direct protein interactions is the yeast two-hybrid (Y2H) method, which is based on the modular structure of transcription factors in yeast (28, 35, 106, 107) . Namely, the DNAbinding domain (DBD) and the transcription activator domain (AD) of Gal4p transcription activator are expressed separately from two expression plasmids. However, the DBD and the AD domains are fused with protein sequences (resulting in DBD-X and AD-Y protein fusions) to be tested for interaction. If the two proteins, termed bait and pray, interact, then DBD and AD of Gal4p are brought into proximity, resulting in transcription activation of a reporter gene (such as lacZ for colorimetric screening or HIS3 for viability selection). The Y2H approach has been used extensively by thousands of laboratories since the early 1990s to dissect signaling pathways and define numerous viral protein-host protein interactions. The large number of studies using Y2H screens compels me to list only key discoveries based on the Y2H approach.
The Y2H assay has been applied to show interactions between viral replication proteins critical for the assembly of the viral RC for many plant (+)RNA viruses. Examples include interactions between BMV 1a-2a pol and 1a-1a, TBSV p33-p92 pol and p33-p33, and Tobacco mosaic virus (TMV) 126K-183K, and 126K-126K, as well as the P1-P2 proteins of Alfalfa mosaic virus (36, 79, 96, 122) .
Because it is suitable for high throughput, the Y2H method has been used to screen numerous cDNA libraries to identify interactors of viral and host proteins. Selected examples include the demonstration of interactions between the TMV RdRp and host translation elongation factor 1A, the helicase domain of tobamovirus-encoded 126K replication protein and the Arabidopsis TOM1 protein, the Cucumber mosaic virus (CMV)-encoded 1a protein and Arabidopsis putative protein kinase Tcoi2, the Cowpea mosaic virus RNA1-encoded 60-kDa nucleotide-binding protein and host VAP27-1 and VAP27-2 that show high homology to VAP33 (SNARE-like protein), the potyvirus NIa-Vpg and the translation eukaryotic initiation factor iso 4E (8, 13, 55, 103, 128).
The Y2H assay has also been used to screen cDNA libraries prepared from several plants against plant virus movement, silencing suppressor and coat proteins to identify possible host factors regulating cell-to-cell movement, RNA encapsidation, and host responses (23, 26, 29, 37, 39, 40, 52, 81, 102, 103, 121, 130) . Additional examples of the use of the Y2H approach are the demonstration of interactions between geminivirus replication protein and several host proteins: retinoblastoma-related protein, the proliferative cell nuclear antigen (PCNA) as well as the host cell sumoylation enzyme, NbSCE1 (homolog of the yeast UBC9) (6, 7, 14, 15) .
Yeast Three-Hybrid (Y3H) Screens
One approach to identify RNA-binding host proteins is based on the yeast three-hybrid system (Y3H) (105) . Y3H modifies the Y2H assay by fusion of a "hook" (an RNA-binding protein, such as the coat protein of MS2 phage) to the bait protein. The bait consists of the RNA to be tested connected via a linker sequence to the MS2-CP binding RNA sequence, which binds to the hook. If the RNA bait binds to the prey (an RNA-binding protein of interest, which is fused with the AD domain), then the bait, the prey, and the hook will form a trimeric complex resulting in the recruitment of the AD domain for activation of the reporter gene expression. A drawback of the Y3H assay is the relatively high ratio of false positives.
Y3H screens have been used to show specific interaction between the full-length RNA of Potato spindle tuber viroid (PSTVd) and VirP1 of potato. The authors proposed that the AGG/CCUUC motif of PSTVd is recognized by VirP1, which leads to systemic movement of PSTVd in plants, probably through utilizing the host pathways that spread endogenous RNA systemic signals in plants (63) . The Y3H assay was also used to demonstrate that the movement protein of CMV does not interfere with the binding of 1a/2a replication proteins to the viral RNA (43), explaining why the CMV movement protein does not interfere with viral replication.
Protoarrays
The yeast proteome microarray (protoarray) contains 4080 purified yeast proteins fixed on the chip that can be used to identify yeast proteins interacting with viral proteins, DNA, or RNA of interest (132, 133) . Previous studies using the yeast protoarray have identified numerous yeast proteins involved in protein-protein interactions, lipid binding, DNA binding, and small substrate binding, thus demonstrating the usefulness of this global analysis (38, 41, 114, 132, 133) .
To identify host proteins that interact with a small hairpin at the 3 terminus of BMV RNA, which serves as a minimal promoter for minusstrand initiation, Zhu and colleagues exploited a yeast protoarray (134) . They identified pseudouridine synthase 4 (Pus4p) and the Actin Patch Protein 1 (App1p), both of which dramatically inhibited BMV systemic spread in plants when overexpressed. Pus4p also prevented the encapsidation of BMV RNA in plants, demonstrating the feasibility of using a yeast protoarray to identify specific viral RNA-binding proteins. A similar approach based on the yeast protoarray has been used in my laboratory to screen for host proteins that bind to TBSV or BMV RNAs as well as to the TBSV replication proteins (T. Panavas, J. Pogany, Z. Li & P.D. Nagy, unpublished). Altogether, they identified 57 host proteins that bound to TBSV RNA or to BMV RNA or to both RNAs. Eleven of the identified host proteins, which bound to the TBSV RNA, include known helicases, translation factors, and RNA modifying enzymes. Host proteins binding to BMV RNA included tRNA-binding proteins, or proteins that are part of large RNA-protein complexes. Yeast proteins that bound to TBSV replication proteins in the protoarray approach included Cdc34p E2 ubiquitin conjugating enzyme, which is part of the tombusvirus replicase complex (Z. Li & P.D. Nagy, unpublished). It will be interesting to find out the functions 
Mass Spectrometry-Based Proteomics
Recently, mass spectrometry-based identification of proteins present in ribonucleoprotein complexes has helped determine the composition of purified viral replicase complexes. To demonstrate that yeast is highly amenable to this proteomics approach, a functional Cucumber necrosis virus (CNV, a tombusvirus) replicase has been expressed in yeast, followed by a two-step affinity purification of the replicase complex (108) . Subsequent 2D gelelectrophoresis and MALDI-TOF analysis of proteins from 2D gels identified three host proteins, such as Ssa1/2p chaperone [a member of the heat shock protein 70 (Hsp70) family], Tdh2/3p (glyceraldehyde-3-phosphate dehydrogenase, an RNA-binding protein), Pdc1p (pyruvate decarboxylase) (108) , in addition to the Cdc34p E2 ubiquitin-conjugating enzyme, which was identified via western blotting with anti-Cdc34p antibody (Z. Li & P.D. Nagy, unpublished). All four identified host proteins were absent in the control samples, ruling out the suggestion that these proteins only contaminated the highly purified CNV replicase preparation. Mass spectrometry-based proteomics should be suitable to dissect the molecular composition of other plant RNA virus replicases as well.
Additional Approaches Using Yeast
Although not yet been applied to plant viruses, mass-spectrometry-based profiling is a promising technique for identifying up-and downregulated proteins in yeast cells replicating the virus RNA, as shown for FHV (34) . This approach would allow the confirmation of datasets obtained with DNA microarrays, which identified up-and down-regulated genes in virus-infected plant cells (126) high-throughput screening of yeast cells replicating plant viruses with a library of chemicals that could lead to potent antiviral inhibitors, as shown for hepatitis C virus, a human pathogen (124). The identified inhibitors will then be useful to characterize the potential cellular or viral targets of these inhibitors (124) .
YEAST MODEL HOST TO STUDY THE INFECTION CYCLE OF PLANT VIRUSES Many Steps in the Plant Virus Infection Cycle Can Be Studied in Yeast
As a single-cell eukaryotic organism, yeast is likely suitable to study many or most of the intracellular events that take place during plant (+)RNA virus infections. These steps include the disassembly of the virions, translation of the viral RNA, genome replication, subgenomic RNA synthesis, recombination, viral evolution, intracellular trafficking of viral RNA/proteins or the virion, and even general antiviral responses of the host cell. Although not all of these events in yeast host have yet been studied in detail, below we summarize the most important advances for plant viruses that have been derived from studying yeast as a host. Since most of the efforts with yeast have focused on studies on (+)RNA virus translation, replication, and recombination, this section summarizes below our current knowledge in these three major areas.
Translation of Viral RNA in Yeast
The genomes of (+)RNA viruses have to be translated by the host translation machinery in order to produce the essential replication proteins. Translation of (+)RNA viruses is rather diverse and highly regulated, based on the presence of various translation elements in the RNA genome (25, 57, 65) . It has been estimated that a single viral (+)RNA is translated ∼1000-10,000 times (94) . However, unlike the host mRNAs, the viral (+)RNA has to avoid being degraded at the end of translation and must be available to be recruited for replication. Both host and viral-coded proteins have been documented as participating in the regulation of the critical switch from translation to replication.
For BMV, the 1a replication protein downregulates translation, participates in the switch from translation to replication, and recruits the BMV (+)RNA for replication (49, 75) . In addition to 1a, an essential translation initiation factor in yeast named Ded1p, a DEADbox helicase, has been found to selectively affect the translation of 2a pol protein from BMV RNA2 (77) 
pol more than the p33 replication protein, which is required in ∼20-fold larger amounts than the p92 pol (51) . Therefore, Ded1p could be a general factor utilized by various viruses to regulate the translation of the viral replication proteins.
A second group of host factors that affects BMV RNA translation includes the Lsm proteins. For example, the BMV 2a pol protein was translated from RNA2 to 0.03 or less of the extent observed in the presence of Lsm1p, Lsm6p, Lsm7p, or Pat1p (78), which, together with Lsm2p-Lsm5p proteins, are components of the deadenylation-dependent mRNA turnover pathway. Also, translation of the 1a protein from BMV RNA1 or translation of the 3a protein from BMV RNA3 was inhibited by 90%-97%, whereas translation of the coat protein from the subgenomic RNA (termed RNA4) was not inhibited in lsm1 , lsm6 , lsm7 , or pat1 yeast strains. Thus, translation of the BMV genomic RNAs is dependent on the Lsm1p-Lsm7p/Pat1p complex, whereas translation of the vast majority of yeast mRNAs and the translation of BMV RNA 4 are not dependent on this complex. Unlike the LSM genes, deletion of UPF1-3 genes, which are also involved in mRNA decay (the so-called nonsensemediated decay), did not affect 2a pol translation dramatically in yeast (78) . Overall, binding of the Lsm1p-Lsm7p/Pat1p complex to the BMV genomic RNAs during translation is likely important to distinguish the BMV RNAs from nonreplicating RNAs, such as the host mRNAs or the BMV RNA4, prior to their recruitment for replication with the help of the BMV 1a replication protein.
Replication of Viral RNA in Yeast
In vivo and in vitro assays developed using yeast as a host were useful to study the roles of replication factors, both proteins and viral RNA, in various steps of replication. After translation, the viral replication proteins that are produced likely form multimolecular complexes that include viral RNA and some host factors in the cytoplasm or other compartments. These complexes likely facilitate the efficient transport and colocalization of all these essential components to the same replication sites and efficient final assembly of the fully functional RCs at the surface of subcellular membranes. The multicomponent complexes could be especially important at the beginning of infections when limited amounts of viral factors are available. For example, multiple molecular interactions, including binding between the p33 and p92 pol replication proteins and p33 self-interaction, as well as recognition of the viral RNA (via a cis-acting element, called p33RE) by the p33 are all important in recruitment/localization and assembly of the functional tombusvirus RC (Figure 3) (67, 83, 87, 92) . Similarly, interactions between the BMV 1a and 2a pol , between two 1a proteins, as well as binding of 1a to the viral (+)RNA within a conserved RNA sequence, called RE, are essential for the assembly of the BMV RC (17, 49, 79, 116) . Host proteins are likely involved in many more interactions within the viral RC.
In addition to the requirement for replicase assembly, the RdRp proteins, such as the tombusvirus p92 pol and the BMV 2a pol , must become "activated" in cells. These RdRp proteins are nonfunctional in the cytosol before the assembly of the RC on the membrane surfaces (87, 88, 93, 123) , Therefore, RdRp activation repRNA: replicon RNA and assembly of the viral RC could be important regulatory steps in (+)RNA virus replication. The viral (+)RNA also plays a major role in the RC assembly/activation since coexpression of (+)RNA has been shown to enhance replicase assembly/activity by ∼40-to 100-fold for TBSV and was required for the BMV replicase in yeast (87, 88, 93) . Thus, the viral (+)RNA could serve as a platform to facilitate RC assembly. It is also possible that initiation of minusstrand synthesis leads to stabilization of the viral RC.
Yeast cells were used to obtain images of the assembled BMV RC. Electron microscopy (EM) and immuno-EM images of the sites of BMV replication revealed that the active viral RC is present within 50-60 nm spherule-like structures with cellular membranes surrounding the replication proteins and the viral RNA (104) . Individual spherules contain membranous necks or small openings, which likely serve as gates for transporting molecules in and out of the spherules (104). We can consider one separate spherule as one active/matured RC. Immuno-labeled images revealed the molecular composition of a single spherule, which contains 25-fold more 1a than 2a pol . However, the actual number and nature of host molecules within single spherules are currently unknown.
The best-characterized plant (+)RNA viruses utilize the cytoplasmic surface of defined subcellular membranes for their replication, including ER, mitochondria, chloroplast or peroxisome. Both BMV and tombusviruses use the same subcellular membranes in yeast as in plants, which is the ER for BMV, peroxisome for tombusviruses, except that CIRV uses the mitochondrion (64, 74, 83, 98, 99, 125) . Since peroxisomes and peroxisomal membranes can be eliminated from yeast cells by deleting PEX3 or PEX19 genes, which are key genes in peroxisomal membrane biogenesis, it is possible to test if tombusvirus replication could take place in the absence of the favored subcellular compartment. Both TBSV and the closely related Cymbidium ringspot virus repRNAs replicated efficiently in the absence of the peroxisomal membrane by exploiting the ER membrane as a back-up compartment (53, 100) . Testing the activity of the purified tombusvirus replicase in vitro as well as kinetic and recombination studies revealed no major differences between the peroxisomal and ER-localized replicases (53) . These studies based on yeast as a model host revealed that plant (+)RNA viruses might have more flexibility in subcellular compartmentalization than previously thought. Altogether, the current models on the RC of (+)RNA viruses predict that highly regulated/organized protein:protein and protein:RNA complexes and subcellular membranes facilitate the formation of the active RC. Yeast is an outstanding model host in which to dissect these interactions and thereby advance our understanding of the viral (+)RNA replication in infected cells.
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Viral RNA Recombination in Yeast
RNA recombination, a process that joins noncontiguous segments of viral RNA(s), can take place between two related or unrelated RNAs and can reshuffle genomic sequences or move functional domains between different viruses or between the host cell and the virus (59, 71, 127) . Genetic recombination often causes changes in natural populations of plant viruses, resulting in enhanced pathogenicity, extended host range, or overcoming host resistance factors (27, 30) . The emerging new virus recombinants can compromise the effectiveness of antiviral strategies, emphasizing the importance of understanding viral RNA recombination. Overall, the benefit of RNA recombination is that new, better-adapted virus can be formed rapidly, thus shaping the RNA virus world dramatically. However, natural selection pressure on the recombinant viruses is a significant bottleneck during the replication of the recombinant genomes that could limit the spread of the recombinant virus.
Similar to plant cells, yeast supports the generation of TBSV recombinants, which are formed between two or more 5 truncated repRNAs (Figure 4) (22, 109, 110 ). The controlled expression of the p33 and p92 pol replication proteins from separately regulatable promoters in yeast revealed that high levels of p92 pol expression facilitated RNA recombination to a greater extent than did a high level of p33 expression (47) . The high concentration of the p92 pol (possibly leading to local crowding of the RdRp) within the viral replicase might promote RNA recombination by facilitating collision of p92 pol molecules with each other during RNA synthesis on the same RNA template, which could lead to template-switching events. Indeed, the requirement for p33 and p92 pol replication proteins, the effect of p33 and p92 pol amounts, and the need for the p33RE element (involved in RNA recruitment) in the TBSV RNA replication strongly support the template-switching mechanism of RNA recombination (84, 110) .
The usefulness of yeast in RNA recombination studies has also been shown recently for BMV (31) . Expression of two partially overlapping but replication-incompetent BMV RNA3s, in the presence of 1a and 2a pol replication proteins, led to the emergence of full-length RNA3 recombinants in yeast. RNA recombinants were present in 25% of yeast cells after ∼10 cell divisions, which (34, 37, 38) , which facilitates RNA recombination in the xrn1 strain.
was estimated to represent a ∼3 × 10 −3 recombination frequency per nonrecombinant genome (31) . The requirement for the presence of the RNA3 recruitment element on both replication-incompetent BMV RNA3s as well as the need for 1a and 2a pol replication proteins in RNA recombination is consistent with the template-switching model, but inconsistent with the breakage-ligation model of RNA recombination.
Comparison of the RNA recombinants obtained with either TBSV or BMV RNAs in yeast with those generated in plant cells or in in vitro assays indicates that yeast is an excellent host for studying viral RNA recombination (20, 22, 56, 68, 69, 86, 111) . Indeed, yeast has facilitated the genome-wide identification of host factors for TBSV RNA recombination (see below).
HOST FACTORS AFFECTING VIRUS REPLICATION
Despite significant efforts over the past 30 years, progress in identifying host factors affecting plant (+)RNA virus replication has been limited because of technical difficulties. The use of Arabidopsis or tomato hosts facilitated progress with several viruses, including potyviruses and tobamoviruses (8, 44, 62, 120, 128, 129, 131) . However, the introduction of yeast as a model host for plant (+)RNA virus research, originally by Ahlquist's group for BMV and subsequently by Nagy's group for TBSV and Russo's group for CIRV, has dramatically enhanced the potential to identify host factors. Genome-wide screens with BMV and TBSV have shown convincingly that these plant viruses are highly dependent on the intracellular components of the infected hosts for replication. These analyses have also revealed a complex interaction between the host cell and (+)RNA viruses, likely including many replication-associated host factors with direct or indirect roles. Based on the characterized set of host factors affecting either BMV or TBSV replication, we propose that the host factors can be assigned to one of three groups according to their functions. (i) The first group of host factors facilitates (+)RNA virus replication directly (Figure 3) . For example, these host factors could directly stimulate virus replication by interacting with the viral RNA(s) or replication proteins to perform transportation, assembly, catalytic or regulatory functions in virus RNA replication. This group of host factors includes those associated with the translation apparatus, other host proteins with RNA-binding, chaperone or other functions, host membranes/lipids, various components of the intracellular transport and trafficking system, and possibly intracellular compartments, such as the ER, peroxisome, and mitochondria.
(ii) The second group affects RNA virus replication only indirectly. For example, they could compete with the viral replication proteins or viral RNA for limited cellular resources, host proteins, and/or intracellular compartments. Also, transcription factors could affect the amount of host factors available in the infected cells, thus indirectly affecting (+)RNA virus replication. (iii) The third group includes direct antiviral factors, such as the host innate and general antiviral defense systems. These factors could affect virus replication by destroying and/or modifying viral RNAs as well as the viral replication proteins. The functions of these factors could be unique against a particular virus or act in a general/universal way by targeting most RNA viruses. It is important to determine which of the three groups an identified host factor belongs to. Yeast is highly useful for this purpose because extensive data sets are available on protein interaction networks (11, 82) .
Unfortunately, the detailed functions of host factors in (+)RNA virus replication are known for only a handful of host proteins (Figure 3) . Thus, it is currently impractical to estimate how many of the host factors have direct or indirect effects on (+)RNA virus replication. The largest portion of the host factors identified during the genome-wide screens using yeast genetic libraries for BMV and TBSV replication inhibited replication (Figure 2) (51, 58, 85) . Therefore, these genes likely facilitate (+)RNA virus replication by providing useful functions, such as roles in RNA, lipid and protein metabolism, in protein intracellular transport, or in general metabolism (58, 85) . Many of the host genes affecting BMV replication and affecting TBSV replication are distinct, suggesting that (+)RNA viruses have developed different ways to utilize the immense resources of cells. In spite of the differences in the host genes involved, we predict that many of the different genes will be found to provide mechanistically similar functions during replication of these (+)RNA viruses (Figure 3) .
Below, we discuss the known or proposed functions of those yeast proteins that have been www.annualreviews.org • Plant Virus-Host Interactions Using Yeastcharacterized in more detail in either BMV or TBSV replication. These proteins are discussed based on their annotated and known features, such as RNA-binding, protein chaperones, or proteins affecting lipid metabolism in yeast.
The Role of Host RNA-Binding Proteins in (+)RNA Virus Replication
One of the major groups of host factors found to affect (+)RNA virus replication is cellular RNA-binding proteins (24, 51, 58, 85) . These proteins play essential roles in many cellular processes, such as transcription, splicing, translation, mRNA turnover, and antiviral mechanisms. The cellular RNA-binding proteins are frequently part of ribonucleoprotein complexes that are abundant in the uninfected cell. Altogether, subverting cellular RNA-binding proteins could be beneficial to the virus. For example, the host RNA-binding proteins might affect translation of the viral (+)RNA, RNA template selection by the viral replication protein, recruitment of the viral (+)RNA for replication, RNA synthesis, and/or stability of the viral (+)RNA.
The best-known yeast RNA-binding protein involved in BMV replication is Lsm1p. This protein functions in recruitment of the viral (+)RNA template into replication after translation (24, 78) . Lsm1p, which belongs to the seven-member Sm-like family of proteins, forms (together with Lsm2-7p) the Lsm1p-7p heptameric ring, which is involved in mRNA turnover. Diez and colleagues (63a) found that Lsm1p might function as a key regulator to switch BMV RNAs from translation to replication probably by forming the Lsm1p-7p complex, which together with Pat1p and Dhh1p makes up the decapping activator complex. The Lsm1p-7p/Pat1p/Dhh1p decapping activator complex is known to move cellular mRNAs from translation to degradation in the cytoplasmic processing bodies (termed P-bodies) (97) . According to this model, the Lsm1p-7p/Pat1p/Dhh1p decapping activator complex could refold the BMV RNAs, which would allow the loss of ribosomes and translation factors and the binding of the BMV 1a replication protein to the viral RNAs. Then, the viral (+)RNA, likely in association with the replication proteins and host factors, is proposed to end up in the P-body that could participate in the preassembly step of the BMV RC prior to the transport to the ER (the site of BMV replication), where the RC could mature into its functional form (9) . Overall, Lsm1p in concert with viral and possibly other host proteins (i) facilitates the switching of BMV RNAs from translation to replication that guaranties that the viral (+)RNA avoids RNA degradation; (ii) prevents collision between the ribosome and the viral RC that must use the same RNA, but progressing in opposite directions; and (iii) facilitates the selection of the authentic viral (+)RNA for replication.
The best-known yeast RNA-binding protein involved in TBSV replication is Tdh2/3p glyceraldehyde-3-phosphate dehydrogenase (GAPDH in mammals), which is a highly conserved and abundant protein (112) . Wang & Nagy (123a) found that GAPDH is relocalized from the cytosol to the peroxisomal membrane surface, the site of TBSV RNA synthesis. In addition, GAPDH is present in the highly purified tombusvirus RC (108) . In the uninfected cells, the ubiquitous GAPDH is a key component of cytosolic energy production, and it also has roles in apoptosis, endocytosis, nuclear tRNA transport, vesicular secretary transport, nuclear membrane fusion, modulation of the cytoskeleton, DNA replication and repair, maintenance of telomere structure, and transcriptional control of histone gene expression (112, 113) . GAPDH also binds to various RNAs, such as AU-rich sequences at the 3 terminus of mRNAs, which can lead to stabilization of the RNA in the cell (10) . Down-regulation of GAPDH inhibited TBSV replication in yeast and in plants and resulted in the production of (+) and (-)RNAs in a 1:1 ratio, instead of the hallmark asymmetric RNA synthesis, which leads to 10-to 100-fold more (+)RNA progeny over the (-)RNA replication intermediate (12) . Therefore, when GAPDH was limiting, the replication of TBSV (+)repRNA became double-stranded RNA virus-like, with a balanced production of the two strands. GAPDH might promote asymmetric RNA synthesis by selectively retaining the (-)RNA template in the viral RC, thus facilitating the access of the (-)RNA replication intermediate to the viral RC. By contrast, (+)RNA progeny, which are not bound by GAPDH, are released from the RC into the cytosol (123a). Therefore, a cellular metabolic enzyme could regulate asymmetric viral RNA synthesis, explaining this canonical feature of (+)RNA virus replication.
Future studies in yeast and plants will certainly unravel the functions of an additional set of host RNA-binding proteins, which likely have various functions in most steps in the (+)RNA virus replication, recombination or antiviral processes as shown for Xrn1p and Ngl2p yeast proteins in the recombination section below.
The Role of Cellular Protein Chaperones in (+)RNA Virus Replication
Molecular chaperones are abundant proteins that are involved in folding and/or remodeling other proteins, as well as in translation and protein transport. Similarly, host chaperones likely play major roles in many steps of the viral infection cycle by facilitating the folding of viral proteins and the assembly of large molecular complexes, such as the viral RC or virions. Indeed, different members of the chaperone family have been found to affect BMV (117) , and TBSV, FHV, hepatitis C virus (HCV), and coronavirus replication (16, 54, 73, 80, 108) . For example, a mutation in the yeast Ydj1p, a J-domain protein of the Hsp40 chaperone family, was found to affect minus-strand synthesis of BMV. However, Ydj1p did not influence the 1a-mediated recruitment of viral RNA or 2a pol to the site of replication (117) . A reduced amount of Ydj1p in yeast led to aggregation of a fraction of 2a pol , thus reducing the amount of 2a pol present as a soluble protein. Based on these data and the known property of Ydj1p, Tomita and coauthors proposed that Ydj1p is involved in the assembly and/or activation of the BMV RC prior to minus-strand synthesis (117) .
A similar function has also been proposed for the cytosolic Hsp70 proteins (called Ssa1p and Ssa2p in yeast), which are abundant and conserved protein chaperones, in assembly/activation of the tombusvirus RC (Figure 3) (108) . Also, Ssa1p and Ssa2p were found to bind to the p33 replication protein and to be present within the highly purified tombusvirus RC. Deletion of the SSA1/2 genes led to a significant decrease in TBSV replication in yeast and reduction in the amount of the replication proteins, suggesting that Hsp70 might also be involved in stabilization of the replication proteins (108) . Hsp70 proteins, because of their diverse functions, may participate in many of the steps in the viral infectious cycle.
The Role of Lipid Metabolism in (+)RNA Virus Replication
(+)RNA viruses utilize subcellular membranes to assemble their RC in semiclosed spherulelike structures (see above). The flexibility and the fluidity of the particular membrane is determined by the lipids present in the membrane. Therefore, host proteins that influence the lipid composition of the intracellular membrane, which is used by the particular (+)RNA virus, are critical for, and will affect, virus replication. Indeed, the yeast Ole1p, a 9 fatty acid desaturase, has been shown to affect the amount of unsaturated fatty acids, which are important for the flexibility/fluidity of the membrane (60, 61) . In ole1 mutant yeast, the subcellular membranes surrounding the BMV 1a-induced spherules (which contain the BMV RC) were stained poorly by osmium tetroxide, which specifically binds to unsaturated fatty acids. In spite of the altered lipid composition of the membrane, the BMV 1a was able to induce membrane proliferation in the ole1 mutant yeast. However, the activity of the assembled RC was reduced, due to either (i) the altered binding of the BMV 1a replication protein to the membrane with a reduced ratio of unsaturated fatty acids, or (ii) ultrastructural changes in the viral RC or spherules because of the reduced flexibility of the membrane (60) . Based on the genome-wide screening of yeast genes affecting BMV replication, it is plausible that several of the identified genes could affect Ole1p activity or lipid metabolism, placing these genes putatively among the host factors acting through lipid metabolism. 
Reduced replication
Ino2p
Figure 5
A central role for lipid biosynthesis genes in TBSV replication. (a) A schematic representation of the regulatory proteins/elements in the phospholipid biosynthesis pathway. Ino2p transcription factor affects phospholipid and fatty acid synthesis via the SAGA coactivator complex. However, Opi1p inhibits the activity of Ino2p. ICRE is the inositol choline regulatory element, which binds to the Ino2p/Ino4p complex, leading to the recruitment of the SAGA co-activator complex and TFIIB, followed by transcription of the gene. (b) The list of the genes affecting TBSV replication or recombination that are identified during the genome-wide screens of yeast libraries. The proteins coded by these genes could affect TBSV replication or recombination via affecting the fluidity and/or flexibility of the membranes that might be critical for the assembly of the tombusvirus RC.
thesis and fatty acid/sterol metabolism also affected TBSV replication or recombination in yeast ( Figure 5 ) (51, 85) . The key player among the identified genes is Ino2p, which is a basic helix loop helix transcription factor regulating phospholipid biosynthesis (18) . Although the actual mechanism of how downregulation/deletion of these host genes affects TBSV replication/recombination has not been determined (Figure 5) , identification of these genes during the genome-wide screens underscores the significance of phospholipids, fatty acids, and sterols, all of which affect membrane flexibility and fluidity. Altogether, these observations suggest that lipid/membrane synthesis plays a key role in tombusvirus replication and recombination.
HOST FACTORS AFFECTING VIRUS RECOMBINATION
It has been long suspected that viral RNA recombination is affected by host genes owing to complex interactions between a given virus and its host during viral adaptation and evolution. Yeast host was used to test how individual host genes could affect TBSV RNA recombination via genome-wide analysis. Systematic testing of 80% of yeast genes by using the YKO library revealed that TBSV recombination was increased ∼10-to 50-fold in the absence of 5 yeast genes (110) . The same screen also revealed that deletion of four genes inhibited RNA recombination, whereas deletion of two other genes changed the profile of the recombinants or recombinant junctions (Figure 2 ) (110) . Additional screening with 800 of the 1100 known essential genes of yeast via down-regulation of their expression from a titratable promoter revealed that 16 host genes affected the accumulation of recombinants (109) . Altogether, the genome-wide screens tested 95% of yeast genes leading to the identification of 32 of the ∼5500 yeast genes (0.5%), which affected RNA recombination (Figure 2 ). This is a surprisingly large number of genes, suggesting that the host plays more a complex role in viral recombination (+)RNA virus recombination. The yeast-based approach opens up further possibilities to study the complex role of host proteins in viral RNA recombination, which could be key factors for viruses to adapt to new hosts.
PERSPECTIVE
The development of yeast as a model host has fostered systems biology and proteomics approaches, which, in turn, have led to rapid advances in the identification and characterization of host factors involved in (+)RNA virus replication on a genome-wide scale. Future work based on the combined use of yeast genetics, biochemistry, and cell biology should help in further dissecting the detailed functions of the subverted host proteins during virus replication. Yeast can also be used to obtain recombinant viral ribonucleoprotein complexes to determine 3D structure as well as for high-resolution imaging of viral RC, which should lead to better understanding of the multiple functions of the viral RCs in (+)RNA replication. Proteomics approaches should also accelerate the identification of various posttranslational modifications of viral and host proteins that could affect their functions during the replication process. The detailed results obtained from the yeast model will then be applied to dissect the interactions between plant viruses and their native plant hosts. These advances will likely lead to better understanding of virus replication and host : (+)RNA virus interactions, which are key aspects of viral pathogenesis.
SUMMARY POINTS
1. Yeast is an outstanding model host in which to study the infection cycles of selected plant positive-stranded RNA viruses, such as Brome mosaic virus and Tomato bushy stunt virus, by facilitating systems biology and proteomics approaches.
2. Yeast-based genome-wide and proteomics techniques have identified over 100 host genes affecting BMV or TBSV replication.
3. Genome-wide screens in yeast have also been useful in identifying host genes affecting TBSV recombination, a major force in virus evolution.
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